Aging is associated with a deterioration of daily (circadian) rhythms in physiology and behavior. Deficits in the function of the central circadian pacemaker in the suprachiasmatic nucleus (SCN) have been implicated, but the responsible mechanisms have not been clearly delineated. In this report, we characterize the progression of rhythm deterioration in mice to 900 d of age. Longitudinal behavioral and sleep-wake recordings in up to 30-month-old mice showed strong fragmentation of rhythms, starting at the age of 700 d. Patch-clamp recordings in this age group revealed deficits in membrane properties and GABAergic postsynaptic current amplitude. A selective loss of circadian modulation of fast delayed-rectifier and A-type K ϩ currents was observed. At the tissue level, phase synchrony of SCN neurons was grossly disturbed, with some subpopulations peaking in anti-phase and a reduction in amplitude of the overall multiunit activity rhythm. We propose that aberrant SCN rhythmicity in old animals-with electrophysiological arrhythmia at the single-cell level and phase desynchronization at the network level-can account for defective circadian function with aging.
Introduction
Almost all living systems have developed endogenous circadian clocks with periods of ϳ24 h to anticipate changes in the solar day. In mammals, the circadian clock is located in the suprachiasmatic nuclei (SCN) of the anterior hypothalamus (Takahashi et al., 2008) . Based on a molecular feedback loop, individual neurons of the SCN produce 24 h rhythms resulting in autonomous single-cell oscillators (Welsh et al., 1995) . Importantly, the circadian pacemaker of the SCN functions as a multi-oscillator structure, and interneuronal coupling is required to obtain sufficient amplitude to drive behavioral activity at one phase of the cycle and to silence the organism at another phase (Takahashi et al., 2008) .
With aging, deterioration of circadian rhythms is observed in animals and humans alike. The deterioration is accompanied by a decrease in circadian amplitude, evidenced by sleep loss at night and difficulty staying awake during the day (Turek et al., 1995; Dijk et al., 1999; Hofman and Swaab, 2006) . Nearly all measured physiological functions show a decrease in rhythm amplitude, including temperature and melatonin rhythms (Dijk et al., 1999; Mahlberg et al., 2006) . Implantation of neonatal SCN tissue into aged hamsters improves circadian rhythmicity and increases longevity (Hurd and Ralph, 1998) , indicating that proper functioning of the SCN is crucial for healthy aging.
Several studies have indicated aging-induced cellular changes in the SCN. Among them are a decrease in amplitude of SCN electrical activity rhythms (Satinoff et al., 1993; Watanabe et al., 1995) and a reduction in peptidergic function, including vasoactive intestinal peptide (VIP), gastrin releasing peptide, neurotensin, and vasopressin (Swaab et al., 1985; Harper et al., 2008; Duncan et al., 2010) . Alterations in the density of GABAergic axon terminals and in the ␣3 subunit of the GABA A receptor have been reported (Palomba et al., 2008) as well as changes in melatonin receptors (Wu et al., 2007) . In other parts of the nervous system, age-related behavioral changes were paralleled by altered membrane properties (Luebke et al., 2010) , but few studies have investigated the membrane function in the aged SCN (Nygård et al., 2005) .
Given the observed cellular changes, it is possible that single-cell membrane properties are compromised in SCN neurons of old animals. Alternatively, aging may primarily affect the SCN network organization, leading to a phase desynchronization among clock neurons. The latter hypothesis is in accordance with recent indications that reduced synchronization is a common feature of aging neuronal networks (Stam et al., 2005; Smit et al., 2010) . To test this hypothesis, we have analyzed circadian rhythms in the course of aging on different levels of organization, from single-cell properties to overt behavior and sleep-wake regulation. In longitudinal behavioral and sleep recording experiments in mice, we studied the changes in activity and sleep parameters as a function of age. Recordings of neuronal subpopulations in SCN slices of young and old mice elucidated that aging had affected the SCN network-level organization. Patch-clamp recordings were performed to determine whether the changes in the network were explainable by alterations of singlecell attributes.
Materials and Methods

Behavioral activity recordings
Male C57BL/6 (Harlan) were obtained and housed under a 12 h light/ dark cycle in sound-attenuated, climate-controlled rooms with ad libitum access to food and water. Animals were individually housed in cages with a running wheel to record their behavioral activity pattern. The number of wheel revolutions was digitized in 1 min bins with a computerized recording system (Clocklab; Actimetrics). At different ages along the entire lifespan of the animals, lights were turned off for a minimum of 10 d to assess the properties of the circadian pattern of behavioral activity in constant darkness (DD). Behavioral activity was plotted in actograms, and the circadian period (), active period (␣), and resting period () were determined using the Clocklab analysis software. The amount of wheel running and the duration of wheel running bouts was calculated using Igor Pro (Wavemetrics). Longitudinal data obtained under the 12 h light/dark cycle were used to visualize the distribution of activity throughout the day, perform an F-periodogram analysis, and quantify the intradaily variability (IV) (Witting et al., 1990) . Phase-shifting capacity was tested in young and old animals by exposing them to a 30 min light pulse at circadian time 15 (CT15) on day 7 in DD. We distinguished between age groups of 100, 300, 500, 700, and 900 d and analyzed agerelated changes using SPSS (PASW Statistics 17) by an ANOVA with post hoc Bonferroni-corrected t tests.
Sleep recordings
Animals, surgery procedures, and data acquisition. Adult male C57BL/6 mice were used in two groups. The first group was recorded at 100 d of age (n ϭ 7; 24.4 Ϯ 0.7 g at the time of surgery). The second group was recorded at 500 d (n ϭ 5) and 700 d (n ϭ 6; 36.9 Ϯ 0.8 g at the time of surgery). The animals were kept in a 12 h light/dark cycle (lights on at 8:00 A.M.). Housing conditions were similar to those in behavioral experiments. Under deep anesthesia [ketamine (Aesculaap); xylazine (Bayer); and atropine (Teva Pharmachemie], the animals were implanted with miniature electroencephalogram (EEG) recording screws and electromyogram (EMG) electrodes (Plastics One) as described previously (Deboer et al., 2002 . The EEG and EMG were recorded with a portable system as described previously (Vyazovskiy et al., 2006; Deboer et al., 2007) .
Sleep-wake recordings. Mice were individually placed in the recording chambers, connected to the recording setup through a flexible cable and a counterbalanced swivel system. They were allowed to adapt to the experimental condition for at least 3 d. During this period and during the recordings, the animals did not have access to a running wheel. After a 24 h baseline day, starting at lights on, a 6 h sleep deprivation was performed, which was followed by 18 h of recovery. Sleep deprivation was performed by introducing objects (e.g., food, nesting material) into the cage and later by tapping on the cage whenever the animals appeared drowsy or the EEG exhibited slow waves (Deboer et al., 2002) . The mice were never disturbed during feeding and drinking.
Data analysis and statistics. Three vigilance states [rapid eye movement (REM) sleep, non-REM (NREM) sleep, and waking] were scored offline in 4 s epochs by visual inspection of the EEG and EMG signals as well as EEG power density in the slow-wave range as described previously (Deboer et al., 2002) . Epochs with artifacts were excluded from the subsequent data analysis of the power spectra, but vigilance states could always be determined. Corresponding light and dark mean values and hourly values of vigilance states and EEG slow-wave activity (SWA) (mean EEG power density between 0.75 and 4.0 Hz) in NREM sleep were analyzed.
To test the effect of sleep deprivation and age on light and dark values, paired t tests (sleep deprivation) and Duncan's test (age) were applied. A two-way ANOVA with factors condition and age was applied to test the differences between the groups and experimental conditions. When the ANOVA reached significance, paired and unpaired t tests were applied when appropriate to determine the effects of sleep deprivation and different ages.
In vitro extracellular brain slice recordings.
Animals of 100 or 700 d were taken from DD. The onset of wheel running activity was determined over at least 7 d before the experiment to estimate the phase of the rhythm. Decapitation and subsequent dissection of the brain was performed at the end of the subjective day (CT12). Preparation of brain slices took place in dim red light and was performed as described previously (VanderLeest et al., 2007 (VanderLeest et al., , 2009 ). In the laminar flow slice chamber, the slices (450 m thick) were stabilized and kept submerged under a thin layer (ϳ100 m) of artificial CSF (ACSF) (36°C, flow rate ϳ1.5 ml/min) by a tungsten fork and were oxygenated with warmed, humidified O 2 (95%) and CO 2 (5%). Slices were left to settle in the chamber for ϳ1 h before electrodes were placed and recording was started. Extracellular recording electrodes (insulated 90% platinum and 10% iridium, 75 m) were placed in the left and right SCN to obtain multiunit neuronal activity recordings from both nuclei. In a subset of experiments, we added 4-aminopyridine (4-AP) (5 mM) to the ACSF, perfused for 30 min, and determined the change in electrical activity in percentage of baseline (10 min before the pulse). Amplification and filtering techniques were as described previously (VanderLeest et al., 2007) . In parallel, the time of occurrence and the amplitudes of action potentials were digitized and recorded by a data acquisition system (Power1401, Spike2 software; Cambridge Electronics Design) and stored for offline amplitude and subpopulation analysis.
Analysis of multiunit activity. The electrophysiological data were analyzed offline in MATLAB (MathWorks) using custom-made software as described previously (VanderLeest et al., 2007) . Multiunit recordings of at least 24 h were moderately smoothed using a penalized least-squares algorithm (Eilers, 2003) .
An analysis of rhythm amplitude was performed in which the total number of action potentials during the electrical activity peak (peak time Ϯ 15 min) was standardized offline. This allowed for a comparison between young and old slices for multiple sizes of subpopulations (VanderLeest et al., 2009) .
Subpopulation analysis. Amplitude data recorded from action potentials were divided into 50 equally sized bins reaching from a low spike threshold level, representing a large number of neurons, to a high threshold including only the activity of a small neuronal subpopulation (Schaap et al., 2003; VanderLeest et al., 2007) . In this way, we could describe the circadian activity pattern of small subpopulations of SCN neurons. The timing of the activity of neuronal subpopulations in the SCN was analyzed using MATLAB. The subpopulation activity was smoothed, and the time of maximum firing frequency was analyzed.
Statistical analyses. All values obtained in the multiunit recordings were tested for differences between young and old groups in SPSS using unpaired t tests. Day-night differences in the distribution of subpopulation activity was tested using a 2 test, and differences between groups and timing were tested using a 2 test in a cross tabulation with daynight and young-old as groups. p values Ͻ0.05 were considered to be significantly different. Additionally, curve-fitting procedures were performed in Igor Pro, using Multi-Peak Fit version 2.05. Curve fitting results were judged by Akaike's information criterion (AIC). The bestfitting model is indicated by the lowest AIC value.
Whole-cell patch-clamp recording
Brain slice preparation. A group of 19 old mice (700 d; day, n ϭ 10; night, n ϭ 9) and 23 young mice (100 d; day, n ϭ 10; night, n ϭ 13) were used for patch-clamp recording. Animals were killed within 1 h after lights on [Zeitgeber time 0 (ZT0) to ZT1] for recording during the day (ZT3-ZT7) and at the end of the day (ZT11-ZT12) for recording during the night (ZT15-ZT19). Brains were removed after decapitation, and coronal hypothalamic slices (250 m thick) containing the SCN were cut in cold oxygenated ACSF with elevated Mg 2ϩ (4 mM) and reduced Ca 2ϩ (1 mM) using a vibrating microtome (VT 1000S; Leica). Brain slices were then transferred to normal ACSF ( pH 7.2-7.4) containing (in mM) 116.4 NaCl, 5.4 KCl, 1 NaH 2 PO 4 , 0.8 MgSO 4 , 1.8 CaCl 2 , 23.8 NaHCO 3 , and 15.1 glucose (Merck), warmed up to 36°C for 20 -30 min, and then remained at room temperature for at least 1 h before recordings.
Patch-clamp recordings. For patch-clamp recordings, slices were placed in a recording chamber (RC-26 G; Warner Instruments) and secured with a slice hold-down. Pipettes (5-7 M⍀) were fabricated from borosilicate glass (WPI B150F-4) using a commercial electrode puller (PC-10 Narishige). The solution in the patch pipette contained the following (in mM): 112.5 K-gluconate, 1 BAPTA, 10 HEPES, 5 MgATP, 1 GTP, 0.1 leupeptin, 10 phosphocreatine, 4 NaCl, 17.5 KCl, 0.5 CaCl 2 , and 1 MgCl 2 (Sigma-Aldrich). The pH was adjusted to 7.25-7.3, and the osmolality was adjusted to 290 -300 mOsm. Recordings were performed in the acute slice preparation [similar to the multiunit activity (MUA) recordings] using a patch-clamp amplifier (EPC 10-2; HEKA) performing capacitance compensation and monitoring series resistance (R series ). Recordings with R series higher than 40 M⍀ or with holding currents (I hold ) larger than 100 pA (at V hold ϭ Ϫ70 mV) were excluded from additional analysis.
After seal formation, cell-attached recordings were first performed in normal ACSF to measure the spontaneous firing rate (SFR) of cells. Postsynaptic currents were recorded at holding potential of Ϫ70 mV after breaking the membrane and gaining electrical access to the cell. With the chosen filling solution, the reversal potential for IPSCs is between Ϫ40 and Ϫ50 mV (Itri et al., 2004 ). Subsequently, GABAmediated IPSCs appear as inward currents because the reversal potential for chloride was more positive than the holding potential. Synaptic events were excluded if the decay time was Ͻ4.6 ms to eliminate AMPAmediated events (Michel et al., 2002) .
Characterization of DR and A-type K ϩ currents. Recording and isolation of K ϩ currents were performed as described previously (Itri et al., 2005 (Itri et al., , 2010 . To isolate delayed-rectifier (DR) potassium currents, a voltage protocol was applied consisting of 100 ms prepulse at Ϫ100 mV, followed by 400 ms steps at a progressively depolarized potential that was composed of 12 sweeps from Ϫ50 to ϩ60 mV. A 20 ms pause at Ϫ100 mV was applied to bring channels back to activation mode. For recording DR currents, first a control solution containing bicuculine (20 M; Sigma-Aldrich), cadmium (25 M; Sigma-Aldrich), and tetrodotoxin (0.5 M; Tocris Bioscience) was applied to block GABA A receptors, voltage-activated calcium channels, and fast voltage-gated sodium channels; respectively. Subsequently, tetraethylammonium (TEA) (1 and 20 mM; SigmaAldrich) was added to the bath solution to block fast (FDR) and slow (SDR) DR K ϩ channels, respectively. The DR voltage protocol was applied after 3-7 min of each drug treatment. In the analysis, the traces in 1 mM TEA were subtracted from traces in control solution to achieve isolated FDR currents (I control Ϫ I 1 mM TEA). In addition, traces recorded in the higher concentration of TEA were subtracted from traces of lower concentration of TEA (I 1 mM TEA Ϫ I 20 mM TEA) to isolate SDR currents.
A-type potassium currents (I A ) were isolated using voltage steps from two different holding potentials. Voltage steps (150 ms, Ϫ60 to ϩ60 mV, 10 mV steps) were applied from either Ϫ90 mV for maximal activation or after inactivation of I A at Ϫ45 mV. To isolate I A current, traces of the inactivation protocol were subtracted from traces of the activation protocol (I IA Ϫ90 Ϫ I IA Ϫ45 ). To isolate the I A from FDR, I A was measured after blocking FDR with 1 mM TEA. Importantly, the amplitude of the I A current was similar before and after blockage of the FDR.
Leak subtraction was performed during all voltage protocols using four subpulses with one-quarter of the test pulse amplitude and reversed polarity given from a holding potential of Ϫ80 mV.
Statistical analyses. Unpaired t tests in SPSS were applied to test age-related differences. All means are reported ϮSEM in both the text and figures. The differences in the proportions of silent and active cells or regular and irregular cells were determined with 2 test.
Results
Behavioral activity recordings
Behavioral recordings were performed in mice of 100, 300, 500, 700, and 900 d of age (Fig. 1) . In all behavioral circadian parameters, significant changes were observed in the course of aging, but noticeably these changes occurred at different stages. The circadian period () for animals of 300 d was significantly longer compared with animals of 100 d ( p Ͻ 0.01; Fig. 1 B, Table 1 ). A 42% decrease in the total amount of activity also occurred at this age ( p Ͻ 0.01; Fig. 1C ). The time course of the changes in activity levels and were similar, and both showed no additional changes with increasing age. The duration of the resting period () was stable for almost 2 years but increased significantly at 700 d (Fig.  1 D) . Concomitant, the duration of the active period (␣) decreased in this age group (Fig. 1 E) . The increments in appeared progressive, and some animals lost their circadian rhythm almost completely at the last stage of their life.
As the aging process progressed, the distribution of behavioral activity over the light/dark cycle changed. Young animals showed a characteristic period of several hours of intense, consolidated locomotor activity in the first half of the night that disappeared in most animals before the age of 500 d. The duration of consolidated running bouts decreased from 6.8 Ϯ 0.4 min in animals of 100 d to 2.8 Ϯ 0.6 min in animals of 700 d (Fig. 1 F) . Periodogram analysis showed a decrease in the rhythm strength (Table 1) . Fragmentation of the activity rhythm, as assessed by calculating the IV, revealed a progressive increase with age (Table 1) . Old mice (700 d, n ϭ 31) showed a significantly smaller phaseshifting capacity in response to a light pulse compared with young animals (100 d, n ϭ 20; Table 1 ).
Sleep-wake recordings
The changes in circadian and ultradian activity patterns were reflected in the sleep-wake changes in the course of aging. The groups of 500 and 700 d showed less waking and more NREM sleep compared with the 100 d group, particularly during the dark period (Fig. 2) . The decrease in waking in the dark period was mainly attributable to a substantial decrease in waking episode duration.
The 700 d group had a shorter period of increased consolidated waking compared with the younger groups (Fig. 2) . This was mainly attributable to an earlier offset of increased waking in the course of the dark period, which was significantly different between the 100 and 700 d groups. No differences were found in SWA in response to sleep deprivation between the age groups (data not shown). The findings indicate clear changes in circadian modulation but only minor changes in sleep homeostatic mechanisms in the course of aging.
In vitro MUA recordings
Because the aging phenotype was fully present at 700 d, all electrophysiological recordings were performed in this age group. Recordings of extracellular MUA in slices from old animals (700 d) revealed an earlier peak in firing rate rhythm (CT 5.40 Ϯ 0.27 h, n ϭ 29) compared with young (100 d) mice (6.39 Ϯ 0.29 h, n ϭ 22, p Ͻ 0.05; Fig. 3 A, B) . The MUA rhythm also showed an advanced ascending slope in old mice (time of half-maximum: old CT, 0.45 Ϯ 0.33 h, n ϭ 29; young CT, 2.00 Ϯ 0.28 h, n ϭ 22; p Ͻ 0.001), and a reduction in the steepness of the ascending slope of the MUA rhythm was found in old compared with young mice (Fig. 3C ). An offline analysis showed that the amplitude of the electrical rhythm was significantly lower in old mice (Fig.  3D) . The decrease in rhythm amplitude is explained by a higher trough level in old animals for all population sizes, with this difference being stronger when larger population sizes were considered (Fig. 3 D, E) .
Subpopulations were recorded to determine the phase distribution of neuronal activity patterns in young and old animals. In Table 1 . Age-related alterations in the freerunning period (), daily activity, resting duration (), activity duration (␣), intradaily variability (IV), periodogram young animals, the distribution of subpopulation activity displayed a unimodal pattern with a maximum during midday. In old animals, a secondary peak was observed in anti-phase to the main peak, causing significant differences in the distribution of subpopulation activity between old and young slices (Fig. 3F-H , p Ͻ 0.05).
The timing of subpopulation activity in old animals was best described by fitting two Gaussian distributions over the 24 h cycle (mid of peak 1, CT 5.5 Ϯ 0.3 h; mid of peak 2, CT 17.0 Ϯ 0.6 h; AIC ϭ 47 for bimodal distribution; AIC ϭ 57 for unimodal distribution), whereas in young animals it was best described by a single Gaussian distribution (peak time, CT 4.8 Ϯ 0.2 h; AIC ϭ 45 for unimodal distribution)
Patch-clamp recordings Membrane properties and excitability
To investigate whether the observed changes in the network may be caused by changes in membrane properties of individual neurons, patch-clamp recordings were performed. The results revealed striking differences in membrane properties in old versus young mice. The resting membrane potential (V m ) of SCN neurons from old mice was significantly more depolarized during the night compared with V m in young mice (young, Ϫ48.53 Ϯ 1.38 mV; old, Ϫ41.04 Ϯ 1.1 mV; p Ͻ 0.001; Fig. 4 A, B) . This resulted in a lack of circadian modulation in membrane potential in old mice, whereas in young mice, V m was significantly more depolarized during the day (Ϫ41.43 Ϯ 0.84 mV) than during the night ( p Ͻ 0.01). Input resistance (R input ), as calculated from the values of I hold , V hold , and R access , was significantly higher during the night in old (1.24 Ϯ 0.1 G⍀) compared with young (0.76 Ϯ 0.04 G⍀; p Ͻ 0.0001) neurons. A daily rhythm of R input was observed in young but not in old cells, with higher R input during the day (1.12 Ϯ 0.06 G⍀; p Ͻ 0.01) compared with the night (Fig.  4C) . During the day, SFR in old cells was significantly lower compared with young neurons (43%). The day-night difference in SFR observed in young mice was not present in the old mice (Fig. 4 D, E) . We calculated the coefficient of variation of the interspike interval to determine the firing pattern of the SCN cells. No significant differences were found between day and night or between the two age groups. There was a trend to more silent cells during the day and less during the night (day, 31% in old vs 19% in control; night, 37% in old vs 21% in controls; p Ͼ 0.05). This trend is consistent with findings of Nygård et al. (2005) . Depolarized membrane states have been shown recently to silence SCN neurons in the middle of the day in per1-expressing cells (Belle et al., 2009 ), but, in our data, the mean V m of the silent cells did not differ from mean V m of active cells in any of the groups. Cell capacitance of SCN neurons was significantly reduced in old compared with young animals (Fig. 4 F) . In slices from old animals, a higher trough level is observed. C, The rising slope of the multiunit electrical discharge pattern is reduced in old animals (old, 73.21 Ϯ 8.29 ⌬Hz/h; young, 104.02 Ϯ 10.97 ⌬Hz/h; *p Ͻ 0.05). D, Average Ϯ SEM rhythm amplitude as a function of population size. The difference in trough to peak amplitude increases with increasing population size (at level 100: old, 35.95 Ϯ 1.84 Hz; young, 45.43 Ϯ 1.12 Hz; p Ͻ 0.01). E, The lower amplitude in slices from old animals is directly attributable to an increase in the trough in old animals (at level 100: old, 14.08 Ϯ 1.81 Hz; young, 6.01 Ϯ 1.10 Hz; p Ͻ 0.01). F, G, Raw subpopulation activity (in hertz) profiles, recorded from young (F ) and old (G) animals, as a function of CT (hours). Multiple subpopulation peak times were observed in old mice. In young mice, most subpopulations had an activity peak during projected midday (CT6).H, The time of maximal activity of smallneuronalsubpopulationsaredisplayedinaphase histogram, with the midday corresponding with CT6. In young animals, there is a significant difference in the number of subpopulation peaks in the day versus night ( p Ͻ 0.01). In old animals, however, a large number of subpopulations have their peak at night, and there is no significant difference in the number of active populations during the day and night ( p ϭ 0.72).
To investigate age-dependent changes in synaptic properties, we recorded spontaneous postsynaptic currents in wholecell recordings at a holding potential of Ϫ70 mV. Most of the synaptic events were inhibitory (IPSCs) and were blocked by application of the GABA A receptor antagonist bicuculine (20 M; data not shown). We did not find significant differences in the mean frequency of IPSCs between old and young cells (day, p ϭ 0.36; night, p ϭ 0.13) nor between day and night measurements (old, p ϭ 0.12; young, p ϭ 0.39). The amplitude of IPSCs was significantly smaller in old mice with no modulation between day and night as observed in the IPSC amplitude of young mice (Fig. 5) .
Age-related changes in K
ϩ currents To identify possible mechanisms for the lack of circadian spike frequency modulation in old SCN neurons, we recorded FDR, SDR, and I A K ϩ currents. FDR currents from young mice were significantly larger during the day compared with the night ( p Ͻ 0.05; Fig. 6 A, C) , confirming previous findings (Itri et al., 2005) . In contrast, FDR currents in SCN neurons from old mice did not differ between the day and the night ( p ϭ 0.6; Fig. 6 B) . FDR currents recorded during the night were significantly larger in old mice compared with young (p Ͻ 0.01; Fig. 6C ). During the day, the same tendency was observed. SDR currents did not show significant differences between the two age groups (Fig. 6G-I) .
Consistent with previous work (Itri et al., 2010) , the I A current amplitude in SCN neurons from young mice was larger during the day compared with the night ( p Ͻ 0.05; Fig. 6 D, F ) . The amplitude of I A currents during the day was significantly reduced in old compared with young neurons at ϩ60 mV ( p Ͻ 0.01; Fig.  6F ). Additional analysis of the activation curves for I A revealed significant differences over a voltage range between ϩ10 and ϩ60 mV (p Ͻ 0.05). No day-night difference in the I A amplitude was present in old animals (Fig. 6E) .
To functionally test whether modulation of I A current could explain agedependent changes in SFR modulation, we applied 4-AP at a concentration shown previously to block I A (5 mM; Itri et al., 2010) to slices from young animals and recorded MUA in the SCN. Application during the day significantly reduced SFR by 21.6 Ϯ 1.9% (n ϭ 13 traces; p Ͻ 0.0001).
Discussion
Our data constitute unprecedented evidence for cellular membrane deficits in circadian pacemaker neurons of old mice. The severity of these effects was surprising in view of the current hypothesis that aging affects predominantly the brain network level. Longitudinal behavioral and sleep studies showed an agerelated decrease in the total activity levels and a change in the distribution of activity, rest, and sleep over the circadian cycle but no changes in homeostatic sleep regulation, suggesting an important role for the SCN in age-related sleep disorders. Electrophysiological recordings showed changes in neuronal phase distribution that can explain the decrease in circadian amplitude in aged animals. Patch-clamp recordings revealed specific alterations in membrane function and in GABAergic activity during the day and night. We will discuss the findings from the cellular toward the behavioral level and will evaluate how the cellularand network-level changes could lead to the aged phenotype. Recordings from young animals showed larger differences in resting membrane potential (RMP) between day and night compared with old animals. Calibration: 20 mV, 200 ms. B, Bar graph depicts that mean Ϯ SEM resting membrane potential of young neurons is more depolarized during the day (n ϭ 14) compared with the night (n ϭ 32). Resting membrane potential from old animals was more depolarized during the night (n ϭ 25) with no significant difference compared with day values (n ϭ 24; p ϭ 0.192). C, R input is decreased during the night in young SCN neurons (n ϭ 41) compared with cells recording during the day (n ϭ 30). Old SCN neurons indicated a higher R input during the night (n ϭ 25) compared with young cells but with no difference to the mean R input of aged cells recorded during the day (n ϭ 26; p ϭ 0.063). D, Examples of SFR measured with cell-attached extracellular recording methods demonstrate a rhythm in firing frequency in young neurons that was absent in recordings from old mice. Scale bar, 1 s. E, Bar graph of mean Ϯ SEM SFR reveals a significant higher rate during the day of young SCN neurons (n ϭ 25) compared with the night (n ϭ 35). In old neurons, SFR is significantly reduced during the day (n ϭ 29). Old neurons show no difference in mean SFR between the day and night (n ϭ 19; p ϭ 0.492). F, The cell capacitance, which reflects the cell membrane area, was significantly less in aged neurons (n ϭ 53) compared with young group (n ϭ 72). **p Ͻ 0.01, *** p Ͻ 0.001.
Membrane properties
Patch recordings from SCN neurons of 2-year-old mice revealed a substantial loss of circadian clock function at the cellular level. The recordings showed that aged SCN neurons have a significantly more depolarized resting membrane potential at night compared with young animals and lack a circadian modulation of membrane potential, which is a hallmark feature of most SCN neurons (Brown and Piggins, 2007) . Membrane potential may be regulated by a TEAsensitive K ϩ channel (Kuhlman and McMahon, 2004) . In our study, the aged SCN neurons showed a decrease in membrane conductance during the night, suggesting an impairment of K ϩ channel regulation.
We confirmed a rhythm in the amplitude of the FDR current in SCN neurons of young mice and showed that this rhythm was absent in old mice. Because the FDR current plays an important role in the circadian modulation of firing rate in SCN neurons (Itri et al., 2005) , this absence may account for the lack of the rhythm in SFR in old neurons. However, the major differences in FDR currents were observed during the night, suggesting that additional mechanisms are involved. We recorded I A currents in young animals and confirmed the presence of a circadian rhythm that peaks during the day (Itri et al., 2010) . In old animals, we found lowered amplitude of the I A during the day, leading to a blunted circadian rhythm. Although activation of I A could have differential effects on SFR, blockage during the day led to a decrease in SFR rendering the aged phenotype. Thus, the daytime decrease in I A may contribute to the daytime reduction in SFR in aged cells. Importantly, aging had no impact on the amplitude of SDR currents that were recorded from the same cells, indicating that age-related changes in I A and FDR currents are specific alterations that occur with aging.
The enhancement of FDR currents during the night in aged SCN neurons is in agreement with changes in action potential waveform observed in other areas of the aging brain like in layer V pyramidal neurons in the monkey prefrontal cortex. Similar to our nighttime recordings, firing rate was unchanged, and a role for the DR K ϩ current was proposed (Luebke and Chang, 2007) . Mechanisms of age-related changes in ion channels may be manifold and include altered gene expression (Erraji-Benchekroun et al., 2005) and increased oxidative stress. The latter affects different cation and K ϩ channels, such as DR and I A currents (Cai and Sesti, 2009 ). These age-dependent changes in ion conductances not only affect the cell excitability and the magnitude of I A and DR currents, but importantly, they also lead to changes in neuronal communication involved in synchronization within the SCN. B, E, In the aged SCN cells, both currents lost their circadian rhythm. C, Mean normalized FDR current amplitude (at ϩ60 mV) in young SCN cells was significantly greater during the day (n ϭ 11) than the night (n ϭ 11). In aged SCN neurons, FDR current amplitude did not show a significant difference between the day (n ϭ 12) and the night (n ϭ 13). FDR currents recorded during the night in aged cells were significantly larger than those recorded in young SCN cells. F, Mean normalized I A current amplitude (at ϩ60 mV) in young neurons was larger during the day (n ϭ 5) than during the night (n ϭ 13). In old animals, there was no difference in I A current amplitude between the day (n ϭ 9) and the night (n ϭ 12). I A current amplitude was significantly lower during the day in old compared with young neurons. G, SDR currents did not vary between day (n ϭ 9) and night (n ϭ 12) in young cells ( p ϭ 0.39). H, These currents did not also vary between day (n ϭ 9) and night (n ϭ 7) in old cells ( p ϭ 0.21). I, There was no significant difference between the values recorded from old and young groups, during the day ( p ϭ 0.36) or night ( p ϭ 0.14). *p Ͻ 0.05, **p Ͻ 0.01.
Desynchronized neuronal activity patterns
We observed a 25% decrease in the amplitude of electrical activity rhythms in old mice, which was mainly caused by an elevation of the nighttime activity of SCN neurons. The reduction in amplitude corresponds with previous findings in SCN slices (Satinoff et al., 1993; Watanabe et al., 1995) and with recent in vivo recordings in the SCN of aged animals (Nakamura et al., 2011) . Our present data show that a change in circadian phase coherence may underlie the amplitude reduction. In young animals, 71% of the neuronal subpopulations were active during the subjective day, whereas in old mice, this dropped to 52%. Remarkably, a significant number of subpopulations appeared active during the night and clustered around CT18. This is in anti-phase to the main activity peak and resulted in a bimodal distribution of activity patterns.
Both VIP and GABA are neurotransmitters that play a role in coupling and have been reported to decrease in the course of aging (Chee et al., 1988; Liu and Reppert, 2000; Albus et al., 2005; Aton et al., 2005; Nygård and Palomba, 2006; Duncan et al., 2001) . In young animals, we observed a circadian modulation of GABAergic IPSC amplitude that was absent in old animals. Moreover, the mean amplitude of IPSCs was considerably reduced in old SCN neurons, which could be related to the 30% reduction in cell capacitance (an equivalent to membrane surface) that we found in old SCN neurons. The shortening of dendrites and loss of spines in old SCN neurons, as well as the dendritic location of GABA A receptors (Machado-Salas et al., 1977; Castel and Morris, 2000; Palomba et al., 2008) are consistent with the observed reduction in GABAergic current amplitude.
Compared with the deterioration of rhythmicity observed in the single-cell patch-clamp recordings, the deterioration of the ensemble electrical activity rhythms was less severe. The question arises how this difference can be explained. It was shown recently that SCN network interactions can compensate for genetically induced cellular deficits and that weak oscillators can produce profound rhythms when connected in a network (Ko et al., 2010) . We found that, in the aged SCN, the FDR current and GABAergic activity changed at both phases of the cycle in the same direction, indicating that alterations at the single-cell level must have occurred because desynchronization alone cannot explain these findings. Our results lead us to suggest that aging affects primarily single-cell properties and that neuronal communication within the SCN network partially compensates for the deficits in cellular physiology.
Sleep-wake recordings and behavioral patterns
An unexpected finding was that the increase in and the decrease in total activity levels occurred much earlier in life (Ͻ300 d old) than the change in ␣ and and stabilizes above the age of 300 d. The increment in has been associated with aging (Turek et al., 1995) , but our findings suggest that, rather, these alterations occur during adulthood. The phase-shifting capacity of old animals was reduced to 83% of the capacity of young animals, consistent with previous studies (Biello, 2009) .
We observed an increment in when animals were ϳ700 d old. In animals 900 d old, was even longer, suggesting that this is a progressive phenomenon. Sleep-wake recordings confirmed that the shorter ␣ in the older animals was not specific for wheelrunning behavior but was also apparent in the amount and distribution of waking. During the rest phase of nocturnal animals, SCN neuronal activity is high. When neuronal activity is more spread out over the day, increases (VanderLeest et al., 2007; Brown and Piggins, 2009 ). The observed increment in has implications for diurnal animals and humans. Because the activity and rest period of the cycle are coupled to the reverse parts of the SCN rhythm in diurnal species, the observed desynchrony of cellular oscillations would translate into an increase in ␣ and a decrease in the sleep period in humans. This is in accordance with observations that aged humans sleep less (Dijk et al., 1999) .
In the course of aging, an increment in fragmentation was observed in the behavioral activity patterns of old animals, which appeared independent of the decrease in the overall level of activity. Old animals also lost the ability to display long consolidated waking episodes. This resulted in less waking and more NREM sleep in the dark period. Thus, the behavioral activity pattern and the sleep-wake pattern were affected particularly during the subjective night. This corresponds with the phase of the cycle in which the major alterations were observed in the SCN network activity. The earlier onset of sleep at night corresponds also with the advance in the SCN electrical activity rhythms in old animals.
The findings suggest a tight relationship between alterations in SCN neuronal network activity and behavioral rhythm deterioration. The deterioration of the network may have followed from the changes in membrane and ionic channel properties, which were rather severe compared with the changes at the network level. One interpretation is that the aged network is, in fact, able to compensate for some cellular deficiencies but cannot rescue all deficits coming with age, leading to altered phase distributions within the SCN pacemaker. A better understanding of synchronization mechanisms within the SCN and the role of membrane events herein will provide a basis for interventions in clock-related diseases in the elderly.
